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Two  Separate  Mechanisms  of  T  Cell  Clonal 
Anergy  to  Mis  -1 


Katsuyuki  Yui/*  Yasuo  Ishida,^*  Makoto  Katsumata,*  Shinji  Komori/*  Thomas  M.  Chused/ 
and  Ryo  Abe* 

•Division  of  Immunology,  Department  of  Pathology  and  Laboratory  Medicine,  University  of  Pennsylvania, 

Philadelphia,  PA  19104-6082;  •Laboratory  of  Immunology,  National  Institute  of  Allergy  and  Infectious  Disease,  National 
Institute  of  Health,  Rockville,  MO  20852;  and  *lmmune  Cell  Biology  Program,  Naval  Medical  Research  Institute, 

Bethesda,  MO  20889,  and  the  Experimental  Immunology  Branch,  National  Cancer  Institute,  National  Institute  of  Health, 
Bethesda,  MD  20892 

Abstract.  T  cell  tolerance  to  superantigen  can  be  mediated  by  clonal  anergy  in  which  Ag-specific  mature  T  cells 
are  physically  present  but  are  not  able  to  mount  an  immune  response.  We  induced  T  cell  unresponsiveness  to  minor 
lymphocyte  stimulations  locus  antigen  (Mls)-1*  in  mice  transgenic  for  TCR  V|38.1  in  three  different  systems:  1) 
injection  of  Mls-1*  spleen  cells,  2)  mating  with  Mls-1*  mice,  and  3)  bone  marrow  (BM)  chimeras  in  which  Mls-1* 
is  present  only  on  nonhematopoietic  ct.is.  CD4'^8”V08.1  cells  from  all  these  groups  did  not  proliferate  in  response 
to  irradiated  spleen  cells  from  Mls-1'  mice.  We  compared  the  response  of  these  cells  by  T  cell/stimulator  cell 
conjugate  formation,  Ca^'*'  mobilization,  and  proliferation  assays.  The  mechanisms  underlying  the  unresponsive¬ 
ness  of  these  T  cells  appear  to  differ.  CD4‘^8~V/38.1  *  cells  from  Mls-1*  spleen  cell-injected  mice  mobilized  cy¬ 
toplasmic  Ca^^"  but  proliferated  at  a  reduced  level  in  response  to  cross-linking  with  anti-TCR  mAb.  However,  these 
cells  formed  conjugates,  mobilized  Ca**,  and  proliferated  In  response  to  Mls-1*  when  activated  B  cells  were  used 
as  stimulators,  although  they  produced  reduced  levels  of  IL-2.  In  Mls-1*^  VpS.I  transgenic  mice,  a  subset  in 
CD4*8“Vj38.1  cells  did  not  mobilize  cytoplasmic  Ca*'^  after  TCR  cross-linking.  Their  conjugate  formation,  Ca^'*' 
mobilization,  or  proliferation  in  response  to  Mls-1*  on  activated  B  cells  was  undetectable.  Finally,  CD4'^8“VB8.1 
cells  from  the  BM  chimeras  proliferated  to  TCR  cross-linking  at  a  partially  reduced  level  and  formed  conjugates, 
mobilized  Ca^"*",  and  proliferated  in  response  to  Mls-1*  on  activated  B  cells.  These  features  suggest  that  the  mecha¬ 
nisms  underlying  the  maintenance  of  anergy  in  Mls-1*  spleen  cell-injected  mice  are  distinct  from  those  in  Mls-1* 
mice.  Journal  of  Immunology,  1 993,  151:  6062. 


he  immune  system  discriminates  between  foreign 
and  self-Ag.  This  process,  self-tolerance,  is  ac¬ 
quired  in  an  individual  during  the  development  of 
the  immune  system  and  is  brought  about  by  inactivation  or 
death  of  self-Ag  specific  lymphocytes.  The  proposed 
mechanisms  underlying  self-tolerance  include  clonal  de- 
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letion,  clonal  anergy,  and  active  suppression  (1).  Direct 
evidence  for  these  mechanisms  became  available  after  the 
linkage  between  TCR  region  and  the  reactivity  of  these 
V^-expressing  T  cells  to  endogenous  superantigens,  such 
as  Mls^  was  discovered  (2-6).  Using  antibodies  specific  for 
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it  demonstrated  that  self-reactive  T 
cells  are  deleted  during  develq>ment  in  the  thymus.  These 
studies  in  conjunction  with  TCR  transgenic  mouse  systems 
(7, 8)  established  that  self-reactive  T  cells  can  be  physically 
eliminated  during  their  development  in  the  thymus. 

Evidence  for  clonal  anergy  as  one  of  the  mechanisms  of 
T  cell  tolerance  has  been  shown  in  several  systems  includ¬ 
ing  mice  expressing  transgenic  MHC  in  extrathymic  sites 
oiUy  (9, 10),  BM  chimeras  (11,  12),  neonatally  thymecto- 
mized  mice  (13),  or  Ag-injected  animals  (14).  Intravenous 
injection  of  spleen  cells  from  Mls-1*  mice  into  Mls-l*’  mice 
induces  the  expansion  of  T  ceils  expressing  V06  TCR  dur¬ 
ing  the  first  3  to  4  days  after  injection,  followed  by  dis¬ 
appearance  of  these  cells  (15).  However,  not  all  T 
c.  ils  are  eliminated  and  some  of  them  remain  in  the  pe¬ 
riphery.  These  cells  do  not  proliferate  in  response  to  Mls-1* 
and  it  has  been  proposed  that  they  are  anergic  (14).  Simi¬ 
larly,  T  cell  anergy  can  be  demonstrated  in  BM  chimeras 
(11, 12, 16).  When  Mls-1*  mice  are  reconstituted  with  BM 
cells  from  Mls-l^I-E~  mice,  the  resulting  chimeras  retain 
a  substantial  number  of  T  cells  in  the  periphery. 
However,  these  cells  proliferate  poorly  to  Mls-1*  stimulator 
cc'!s  and  to  cross-linking  with  anti-TCR  V06  mAb,  sug¬ 
gesting  that  they  are  anergic  to  TCR  occupancy. 

After  occupancy  of  the  TCR  with  ligand  on  an  APC  or 
with  anti-TCR  antibody,  the  signal  is  transduced  by  a  num¬ 
ber  of  intracellular  biochemical  changes,  which  include 
protein  phosphorylation  and  an  increase  in  [Ca^'*']i,  which 
trigger  diverse  intracellular  processes  culminating  in  cell 
proliferation  and  effector  function  (17).  Studies  using  T  cell 
clones  in  vitro  suggested  (Ca^'^ji  plays  an  important  role  in 
the  induction  of  T  cell  anergy  (18).  The  removal  of  free 
Ca^*^  during  the  induction  of  clonal  anergy  prevented  T 
cells  from  becoming  anergic.  Also,  calcium  ionophore 
alone  induced  unresponsiveness  to  subsequent  stimulation 
with  Ag.  Furthermore,  defective  calcium  mobilization  in 
anergic  T  cells  in  response  to  TCR  cross-linking  was  re¬ 
ported  using  TCR  V/M.l  transgenic  mice  (19). 

In  many  in  vivo  studies,  T  cell  clonal  anergy  was  defined 
as  a  Jcfect  in  proliferation  in  response  to  mAb  specific  for 
TCR  V  region  (11,  12,  16).  However,  little  is  known  re¬ 
garding  the  biochemical  events  underlying  the  defect  in  the 
proliferation  of  anergic  cells.  Herein,  a  TCR  V^.l  trans¬ 
genic  mouse  model  (20)  was  used  to  investigate  the  mecha¬ 
nisms  of  T  cell  unresponsiveness  to  Mls-1*.  V^S.l  trans¬ 
genic  mice  express  V/38.1  TCR  on  >95%  of  T  cells. 
Tolerance  induction  to  Mls-1*  in  these  mice  renders  most 
^4'*‘  cells  unresponsive  to  this  Ag.  Thus,  molecular 
^ants  in  anergic  T  cells  can  be  monitored  without  exten¬ 
sive  purification  steps.  We  set  up  three  different  systems  in 
which  CD4'^8"Vp8.1'^  T  cells  were  present  in  the  periph- 
but  were  unable  to  proliferate  in  response  to  Mls-1*.  The 
insults  suggested  that  at  least  two  distinct  forms  of  T  cell 
*"*rgy  exist.  One  type  of  anergic  T  cell  is  able  to  mobilize 


MO 

cytoplasmic  Ca*'*'  in  response  to  anti-TCR  mAb.  This  type 
of  cells  can  form  conjugates  with  stimulator  cells,  mobi¬ 
lize  Ca^'*',  and  proliferate  in  reqionse  to  Mls-1*  when  ac¬ 
tivated  B  cells  are  used  as  stimulator  cells.  The  other 
type  of  anergic  T  cell  appears  totally  unresponsive  to 
TCR  occupancy. 

Materials  and  Methods 

Mice 

The  generation  of  TCR  VpS.l  transgenic  mice  has  been 
described  previously  (20).  The  transgenic  mouse  lines  21 
and  2  were  used.  Both  lines  express  transgenic  TCR  V^8.1 
on  >95%  of  mature  T  cells.  We  have  not  found  any  dif¬ 
ference  between  these  two  transgenic  lines.  Line  21  was 
backcrossed  to  CBA/CaH  (H-2^  Mis- 1*0  to  produce  Mls- 
l'’H-2'‘  V^.l  transgenic  mice.  Line  2  was  backcrossed  to 
C57BL/6  (B6,  H-2'*,  Mls-l**).  Each  neonate  was  examined 
for  transgene  integration  by  the  polymerase  chain  reaction 
using  V^8.1  and  J^2.3  primers.  Transgenic  mice  (after 
more  than  7  generations  of  backcrossing)  were  used  be¬ 
tween  8  and  16  wk  of  age.  CBA/CaH,  CBA/J,  and  B6  mice 
were  obtained  from  the  National  Cancer  Institute  (National 
Institutes  of  Health,  Bethesda,  MD).  (B6xCBA/J)Fi  mice 
were  purchased  from  The  Jackson  Laboratory  (Bar  Harbor, 
ME).  (B6xCBA/CaH)Fi  mice  were  generated  within  the 
mouse  facility  of  the  University  of  Pennsylvania. 

Preparation  of  BM  chimeras 

Recipient  mice  were  exposed  to  1100  rad  from  a  *’''Cs 
source.  After  6  to  8  h,  irradiated  mice  were  injected  i.v.  with 
1-2  X  10^  anti-Thy-1  mAb  plus  complement-treated  BM 
cells  from  CBA/CaH  or  B6  VJ38.1  transgenic  mice  via  the 
tail  vein.  Some  mice  received  a  second  dose  of  irradiation 
(900  rad)  and  were  reconstituted  by  T  cell-depleted  BM 
cells  2  to  3  mo  after  initial  BM  transfer.  Chimeras  were 
maintained  on  antibiotics  (polymyxin  B  and  neomycin  sul¬ 
fate)  in  the  drinking  water  for  2  to  4  wk  after  BM  recon¬ 
stitution.  They  were  used  within  2  to  6  mo  of  reconstitution. 

mAb 

The  following  mAb  were  used  for  this  study:  anti-Thy-1.2 
(30-H12,  ref.  21);  anti-CD8  (5:^-6.7,  ref.  22;  or  NEl-004, 
New  England  Nuclear,  Boston);  anti-CD4  (GK1.5,  ref.  23; 
or  RL172.4,  ref.  24);  anti-TCR  Vp8. 1/8.2  (MM  5-2,  ref.  25; 
or  KJ16,  ref.  26);  anti-TCR  Vp8  (F23.1,  ref.  27);  anti-TCR 
V^8.2  (F23.2,  ref.  3);  anti-TCR  Vo2  (B20.1,  ref.  28);  anti- 
TCR  Vo8  (KT50,  ref.  29);  and  anti-IU  (llBll,  ref.  30). 

Injection  of  spleen  celts 

T  cell-depleted  spleen  cells  were  prepared  by  treatment  of 
CBA/J  spleen  cells  with  anti-Thy-1  mAb  (30-H12)  and 
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complement.  The  1-2  X  10’  treated  cells  were  injected  i.v. 
into  V^S.l  transgenic  mice  via  the  tail  vein. 

Immunofluorescence 

Nylon  wool  nonadherent  spleen  cells  were  stained  with 
mAb  in  PBS  containing  0.5%  BSA  and  0.1%  sodium  azide. 
Cells  (5  X  10^)  were  incubated  in  100  p.1  staining  medium 
containing  hybridoma  supernatant  for  20  min,  followed  by 
FITC-conjugated  anti-rat  Ig  for  an  additional  20  min.  After 
three  washes,  a  10-fold  excess  of  rat  Ig  was  added  to  block 
unoccupied  sites  of  the  second  antibody.  In  some  staining, 
FITC  anti-CD8  mAb  was  used.  Cells  were  incubated  with 
PE  anti-CD4  mAb  (Becton  Dickinson,  San  Jose,  CA)  and 
biotin  anti-VpS.  1/8.2  mAb  (MM  5-2,  PharMingen,  San 
Diego)  for  20  min  then  washed  and  incubated  with 
streptavidin-conjugated  Tricolor  (Caltag,  San  Francisco) 
for  an  additional  20  min.  After  three  washes,  cells  were 
analyzed  using  a  FACScan  (Becton  Dickinson). 

Cell  preparation  and  culture 

Single  cell  suspensions  were  prepared  from  spleen.  Spleen 
cells  were  applied  to  nylon  wool  columns  and  nonadherent 
cells  were  collected.  In  general,  the  proportion  of  T  cells  in 
the  preparation  was  >80%.  Enrichment  of  CD4^CD8"  T 
cells  was  performed  using  Dynabeads  M-450  (Dinal  IncV, 
Oslo,  Norway).  Nylon  wool  nonadherent  spleen  cells  were 
incubated  with  anti-CD8  (53-6.7)  mAb.  After  washing, 
cells  were  further  incubated  with  anti-rat  Ig-coated  Dyna¬ 
beads  for  30  min  at  4‘’C  with  constant  agitation,  and  the 
bound  population  removed  by  magnetic  equipment  After 
enrichment,  CD4'^  cells  were  ~90%  and  CDS"^  cells  were 
<2.5%  except  cells  from  Mls-1*'*’  transgenic  mice.  The 
CD8-depleted  cell  preparation  of  MIs-1*^  transgenic  mice 
contained  50  to  60%  CD4'^CD8“  cells.  The  remaining  were 
CD4"CD8"  cells,  which  contained  ~30%  Vp8.1  TCR"^ 
cells  and  non-T  cells  (data  not  shown). 

CD4‘^V/38.2”  cells  were  puriEed  by  cell  sorting.  Nylon 
wool  nonadherent  spleen  cells  of  MIs-l**  or  Mls-1**  V^S.l 
transgenic  mice  were  stained  in  two  colors  with  anti-TCR 
VP8.2  mAb  (F23.2)  plus  FITC  anti-mouse  Ig  and  PE  anti- 
CD4  mAb.  Cells  were  incubated  with  F23.2  antibody  for 
20  min  then  washed  and  incubated  with  FITC  anti-mouse 
Ig  for  an  additional  20  min.  After  washing,  mouse  Ig  (500 
Mg/ml)  was  added  to  block  unoccupied  sites  of  the  second 
antibody.  Cells  were  incubated  with  PE  anti-CD4  mAb 
(Becton  Dickinson)  for  20  min  then  washed  and  the 
CD4'^V|38.2“  population  was  sorted  using  FACStari’*"* 
(Becton  Dickinson). 

Stimulator  cells  were  prepared  by  treating  spleen  cells 
from  inbred  mice  with  anti-Thy-1  mAb  and  complement 
followed  by  irradiation  at  2000  rad.  In  some  experiments, 
spleen  cells  were  prepared  from  mice  given  200  p.1  of  goat 
anti-mouse  IgD  antiserum  (anti-8  antibody)  24  h  before 


death.  These  cells  were  irradiated  at  3000  rad.  Cultures 
were  performed  in  RPMI  1640  supplemented  with  2  mM 
glutamine,  1  mM  sodium  pyruvate,  10  mM  HEPES,  0.1 
mM  nonessential  amino  acids,  5  X  10~’  M  2-ME,  1% 
penicillin/streptomycin,  and  10%  heat-inactivated  FCS.  T 
cells  were  cultured  at  37'’C  in  a  humidified  5%  CO2  at¬ 
mosphere  for  2  days  when  anti-8-treated  B  cells  were 
used  as  stimulator  cells,  and  for  4  days  when  spleen  cells 
from  nontreated  mice  were  used  as  stimulator  cells.  Pro¬ 
liferation  was  assessed  after  6  or  16  h  exposure  to  1  p.Ci 
[^HJthymidine  when  anti-5-treated  or  untreated  stimulator 
cells  were  used,  respectively.  The  results  were  expressed 
as  the  difference  of  mean  counts  between  experimental 
and  control  responses  of  triplicate  cultures  including  the 
SD  of  the  mean. 

Proliferative  responses  of  T  cells  to  anti-TCR  mAb  was 
performed  using  mAb  KJ16.  The  supernatant  from  the 
KJ16  hybridoma  was  precipitated  with  ammonium  sul¬ 
fate  then  resuspended  in  ~l/50  vol  and  extensively  dial¬ 
ysed  in  PBS.  A  culture  plate  was  coated  with  10  fig/ml 
goat  anti-rat  IgG  (Sigma,  St.  Louis)  in  Tris  base  buffer 
(20  mM,  pH  10)  at  4®C  for  5  to  16  h.  After  washing, 
wells  were  incubated  with  mAb  KJ16  for  4  h  at  4‘’C  then 
washed  and  used  for  assays.  Responder  cells  (5  X  10*) 
were  cultured  for  2  days  and  proliferation  was  assessed 
after  6  h  exposure  to  1  p.Ci  [^Hjthymidine. 

Measurement  of  IL-2  production 

IL-2  activity  in  the  supernatant  of  in  vitro  cultured  T  cells 
was  determined  using  IL-2/IL-4-responsive  HT-2  cells.  T 
cells  from  V/38.1  transgenic  mice  (4  X  10^)  were  cultured 
with  CBA/CaH  or  CBA/J  T-dcpletcd  spleen  cells  from 
anti-8  antibody-treated  mice  (4  X  10*).  Supernatant  from 
the  culture  was  removed  1  day  later.  Serial  dilutions  of  the 
supernatant  were  added  to  HT-2  cells  (5  X  10*).  HT-2  cells 
were  cultured  for  2.5  days,  and  the  response  was  measured 
using  the  MTT  assay  (31).  The  response  of  HT-2  cells  was 
not  inhibited  by  saturating  concentrations  of  the  anti-IL-4 
mAb  (llBl  1)  (30),  indicating  that  the  factor  responsible  for 
HT-2  cell  growth  was  IL-2.  One  unit  of  IL-2  was  defined 
as  the  concentration  of  IL-2  required  to  support  the  half- 
maximal  growth  of  HT-2  cells  over  the  culture  period. 

Analysis  of  lCa**’li  after  cross-linking  with  anti-TCR 
mAb 

Nylon  wool  nonadherent  T  cell-enriched  spleen  cells  were 
loaded  with  1  juM  indo-1  AM  (Molecular  Probes,  Inc., 
Junction  City,  OR)  for  30  min  at  37®C  then  washed  and 
resuspended  in  serum-&ee  medium.  Indo-l-loaded  T  cells 
were  stained  with  PE-conjugated  anti-CD4  (GK1.5),  FITC- 
conjugated  anti-V/38.2  (JF23.2),  and  biotin-conjugated  anti- 
V^8.1/8.2  (KI16)  mAb  for  20  min  at  20®C.  After  washing, 
cells  were  resuspended  in  serum-free  medium  (37*‘Q  and 
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Sj  analyzed  using  a  Coulter  Elite  (Coulter,  Hialeah,  FL). 
Streptavidin-conjugated  Cy-chrome  (PharMingen)  was 
added  to  cross-link  V08.1/8.2+  TCR.  PE^FirCCy- 
Chrome'*’  (CD4'*’VP8.1'*’)  cells  were  gated  and  their 
was  monitored  by  the  ratio  of  absorbance  at  525  and 
:95  nm  (32). 

Analysis  of  T  cell/stimulator  cell  conjugate  formation 
and  [Ca^'^ji  measurement 

Flow  cytometry  analysis  of  T  cell/stimulator  cell  conjugate 
formation  and  T  cell  [Ca^'^ji  was  performed  as  described 
previously  (33).  Briefly,  nylon  wool  nonadherent  spleen 
cells  were  loaded  with  indo-1  AM.  Stimulator  cells  were 
-epared  from  mice  injected  with  anti-S  antibody  24  h  be¬ 
fore  death.  Spleen  ceils  were  treated  with  anti-Thy-1  an¬ 
tibody  plus  complement  then  resuspended  in  10%  FCS  con¬ 
taining  RPMI1640  (2  X  10^/ml)  and  stained  with  3  p.M 
DilC22(3)  (Molecular  Probes,  Inc.)  for  30  min  at  37®C.  T 
and  stimulator  cells  were  mixed  then  centrifuged  and  in¬ 
cubated  for  5  min  at  37*’C.  Cells  were  gently  resuspended 
and  analyzed  by  a  modified  FACS  II  (Becton  Dickinson 
Immunocytometry  System,  Sunnyvale,  CA)  equipped  with 
a.  gon  (model  2025,  Spectraphysics,  Mountain  View,  CA) 
and  krypton  (model  164-01,  Spectraphysics)  lasers.  Indo-1 
was  excited  by  100  mW  all-band  UV  from  the  argon  laser 
and  DilC22(3)  by  100  mW  at  530  nm  from  the  krypton 
laser.  Indo-1  and  DilC22(3)  signals  were  detected  simul¬ 
taneously  and  all  parameters  were  first  gated  by  the  indo-1 
signal  so  that  only  indo-l-containing  cells  (T  cells  and  T 
cell/stimulator  cell  conjugates)  were  detected.  T  cell/ 
st’mulator  cell  conjugates  were  identified  as  the  DilC22(3)- 
positive  population  in  indo-l-gated  cells.  Percentage  of 
binding  was  obtained  by  counting  events  within  the 
DilC22(3)-positive  area.  Relative  (Ca^'^ji  increase  was  ob¬ 
tained  from  mean  [Ca^'^ji  of  DilC22(3)-positive  T  cells 
subtracted  by  the  mean  value  of  the  unbound  population. 

Results 

Unresponsiveness  of  CD4'*'8"V^8.1  T  cells  to 
Mis-1*  in  TCR  Vj38.1  transgenic  mice  injected  with 
Mls-1*  spleen  cells 

Tolerance  to  Mls-1*  in  V/38.1  transgenic  mice  was  induced 
using  the  following  three  methods.  The  first  method  used 
i  v.  injection  of  T  cell-depleted  spleen  cells  from  CBA/J 
(Mls-1*)  mice  into  Mls-l**  V/38.1  transgenic  mice.  This 
method  was  shown  to  induce  tolerance  in  peripheral  mature 
T  '‘tils  in  inbred  mice  (14).  One  to  2  wk  later,  T  cells  were 
enriched  from  spleen  cells  of  control  and  CBA/J-injected 
miimals.  Flow  cytometry  analysis  of  the  T  cell  population 
revealed  that  CBA/J-injected  transgenic  mice  contained 
■^30  to  50%  CIW^S"  T  cells,  essentially  all  of  which  ex¬ 
pressed  TCR  V08.1  and  CD4  at  levels  comparable  to  un- 
freated  control  mice  (Fig.  1).  Although  €04*  cells  were 
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only  30%  of  T  cells  in  this  particular  experiment,  the 
proportion  of  CD4'*’  cells  was  similar  to  control  mice  in 
most  experiments.  The  expression  of  TCR  Va  among 
CD4'*'8"Vp8.1*  cells  was  also  determined  by  flow  cytom¬ 
etry.  The  ratio  of  dM*  T  cells  expressing  TCR  Va2  or 
VaS  was  not  changed  after  injection  of  Mls-1*  spleen  cells. 
Next,  the  CD4'*'8~  populations  were  enriched  and  tested 
for  proliferative  response  to  Mls-1*  and  to  anti-TCR 
V08. 1/8.2  mAb  (Fig.  24).  The  proliferative  response  of 
CD4-"8-V38.1'"  cells  from  CBA/J-injected  VpS.l  trans¬ 
genic  mice  was  markedly  reduced  after  reexposure  to 
Mls-1*  in  vitro.  Addition  of  an  exogenous  source  of  IL-2 
was  not  able  to  reverse  the  reduced  proliferation  (data  not 
shown).  The  proliferative  response  of  the  same  popula¬ 
tion  to  anti-TCR  mAb  was  also  markedly  reduced,  indi¬ 
cating  that  most  CD4'*'8"V/38.1'*’  T  cells  from  Mls-1*- 
injected  mice  were  anergic  to  TCR  occupancy. 

Response  of  T  cells  from  Mls-1  V/38.1  transgenic 
mice 

As  a  second  method  to  induce  tolerance  in  V^S.l  trans¬ 
genic  mice,  we  generated  Fi  progeny  between  CBA/J  (Mls- 
1*)  and  Mls-l**  Vp8.1  transgenic  mice  (Mls-l*'**  Vp8.1 
transgenic  mice).  In  these  mice,  T  cells  developed  in  the 
presence  of  self-Mls-1*.  The  mice  contained  CD4*8~  T 
cells  in  the  mature  T  cell  pool,  although  their  proportion 
was  reduced  to  ~'15%  of  peripheral  T  cells  (Rg.  1).  In 
addition,  not  all  T  cells  expressed  the  transgenic  TCR.  Ap¬ 
proximately  50%  of  CD4''’8‘  cells  expressed  the  V/38.1 
TCR.  The  remaining  CD4''’8*  cells  expressed  endogenous 
TCR  ^-chains.  Among  these  cells,  T  cells  expressing  TCR 
Vp8.2  were  7.4%  of  CD4  cells.  This  V/38.2'*’  population 
was  visualized  in  the  right  lower  comer  of  the  flow  cy¬ 
tometry  analysis  due  to  the  competition  of  anti-TCR 
Vp8.2  mAb  with  anti-TCR  Vp8.1^.2  mAb  for  binding 
the  TCR  during  the  staining  procedure.  In  terms  of  the 
expression  of  the  TCR  Va  chains,  the  ratio  of  CD4'^8“ 
cells  expressing  Va2  or  Va8  TCR  in  Mls-l*'**  mice  were 
inaeased  when  compared  with  those  of  Mls-l**  V^8.1 
transgenic  mice,  suggesting  that  the  TCR  a-chain  use  in 
this  population  was  altered. 

CD4-enriched  populations  of  Mls-l*'**  transgenic  mice 
did  not  proliferate  in  response  to  Mls-l*  but  proliferated  to 
anti-V/38.1/8.2  mAb  at  a  reduced  level  when  compared 
with  transgenic  T  cells  from  Mls-l**  mice  (Fig.  24).  How¬ 
ever,  CD8-depleted  T  cell  populations  of  Mls-l*'**  mice 
contained  ~50%  CD4''’8"  and  —50%  CD4"8'  cells. 
VP8.1'''  cells  were  ~50%  of  CD4‘'’CD8"  cells  and  were 
therefore  only  ~25%  of  the  CD8-depleted  T  cell  popula¬ 
tion.  CD4'*’8"VP8.2''’  cells  were  present  at  ~3-4%  of  the 
total  population.  In  addition,  ~30%  of  CD4~8~  cells  ex¬ 
pressed  V/38. 1/8.2  TCR.  Because  CD4*8-yp8.2*  and 
CD4"8"Vp8. 1/8.2 ■*■  cells  may  not  be  responsive  to  Mls-l* 
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FIGURE  1.  Expression  of  TCR,  C04,  and  CDS  on  T  cells  tolerized  to  Mls-1*.  Nylon  wool  nonadherent  spleen  cells  from  a 
Mls-I**  vps.l  transgenic  mouse  (Tg.),  Mls-1 transgenic  mouse  given  T-depleted-CBA/1  spleen  cells  (CBA/1  injected  Tg.), 
Mls-1**  transgenic  mouse  (Mls-1**  Tg.),  B6  Tg.-*(B6xCBA/CaH)F,,  and  B6  Tg.-»(B6xCBA/|)Fi  BM  chimera  were  stained  in 
two  or  three  colors  with  FITC  anti-COS  (53-6.72)  mAb  or  antl-Vo2  (B20.1)  anti-Vo8  (KT50),  or  anti-VB8.2  (F23.2)  mAb  plus 
FITC  anti-rat  or  FITC  anti-mouse  Ig  antibody  in  addition  to  PE  anti-CD4  mAb  and  biotin  anti-VB8.1/8.2  mAb  (MR5-2)  plus 
streptavidin-Tricolor.  In  the  left  panel,  staining  profiles  of  total  lymphocytes  with  CD4  and  CDS  are  shown.  The  percentage  of 
cells  falling  into  each  quadrant  is  indicated.  In  the  right  panel,  staining  of  TCR  Va2,  VaS,  or  VB8.2  vs  VB8.1/8.2  mAb  are  shown 
after  gating  on  the  CD4*  population.  The  number  in  right  upper  and  lower  quadrants  is  the  percentage  of  cells  determined  after 
subtracting  cells  stained  with  second  antibody  alone.  The  Vj3S.2*'  population  is  seen  in  the  right  lower  corner  due  to  the 
competition  of  anti-V/38.2  mAb  with  anti-V^S.  1/8.2  mAb. 


and  may  not  become  tolerized,  they  might  proliferate  in 
response  to  anti-TCR  V^8. 1/8.2  mAb  cross-linking.  To 
eliminate  these  populations,  we  purified  CD4'^8~V08.2~ 
cells  by  cell  sorting  and  analyzed  their  proliferative  re¬ 
sponses  to  anti-TCR  vp8.1/8.2  mAb  (Fig.  2B).  The  pro¬ 
liferative  response  of  this  population  was  10  to  20%  of  the 


comparably  sorted  population  from  Mls-l**  transgenic 
mice.  Approximately  50%  of  CD4'^Vp8.2"  cells  express 
TCR  VjM.l  in  Mls-1**  transgenic  mice.  After  this  adjust¬ 
ment  is  made,  the  proliferative  response  of  CD4'^V^8.1'^ 
T  cells  from  Mls-1**  mice  was  approximately  20  to  40% 
of  CD4*V^8.1"■  ceUs  in  Mls-1‘’  mice. 
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FIGURE  2.  Proliferative  responses  of  Vp8.1*CD4'^  T  cells  from  CBA^-injected  transgenic,  Mls-I***  transgenic,  or  BM 
chimera  mice  to  Mls-1*  or  anti-TCR  mAb  cross-linking.  A:  CD4'^C08~  populations  were  enriched  from  nylon  wool  nonad¬ 
herent  spleen  cells  of  control  Mls-1**  (open  circle,  T-depleted  CBA^  spleen  cell-injected  (filled  circled,  or  Mls-1**  (open 
triangle)  V08.1  transgenic  mice  in  the  leh  panel,  or  from  those  of  B6Tg.  -».(B6  x  CBA/CaH)F,  (open  square)  or  B6Tg.  -*  (B6 
X  CBM)F|  (filled  squard)  BM  chimeras  in  the  right  panel.  Nylon  wool  nonadherent  spleen  cells  from  each  group  were 
incubated  with  anti-CD8  (57-6.7)  mAb  and  CD8'*’  cells  were  removed  with  anti-rat  Ig-coated  Dynabeads.  The  CD4-enriched 
T  cells  were  incubated  with  irradiated  T-depleted  spleen  cells  of  CBA/CaH  or  CBA/I  or  In  the  anti-V^.  1/8.2  (KJ16)  mAb-coated 
plates.  Cultures  were  maintained  for  4  (anti-CBA/))  or  2  days  (apti-K)l  6)  and  the  proliferation  was. assessed  by  1 6  h  (and-CBA^) 
or  6  h  (anti-KJl  6)  exposure  to  (^Hjthymidine.  Data  are  express^  as  the' difference  of  the  mean  cpm  between  experimental  and 
control  (anti-CBA/CaH)  responses  for  anti-CBA^  responses  (upper  panel)  or  as  mean  cpm  for  anti-TCR  responses  (lower  panel) 
and  the  SD  of  the  mean.  B:  Proliferation  of  purified  CD4'''V^.2"  cells  from  Mls-1**  (open  circid)  or  Mls-1**  (open  triangid) 
V88.1  transgenic  mice  in  response  to  anti-TCR  V08.1/8.2  mAb  was  determined  using  sorted  populations.  Nylon  wool 
nonadherent  spleen  cells  of  Mls-1  **  or  Mls-1  **  V88.1  transgenic  mice  were  stained  in  two  colors  with  anti-TCR  Vp8.2  plus  FITC 
anti-mouse  Ig  antibody  and  PE  anti-C04  mAb.  CD4''’ V88.2"  cells  were  purified  by  cell  sorting  using  flow  cytometry  and  placed 
in  anti-V88.1/8.2  mAb  (KJ16)  <oated  plates.  Cultures  were  maintained  for  2  days  and  their  proliferation  was  assessed  by  6  h 
exposure  to  pHlthymidine. 


Generation  of  BM  chimeras  that  were  reconstituted 
by  BM  cells  from  Vps.l  transgenic  mice 

generated  BM  chimeras  in  which  transgenic  T  cells 
developed  in  the  presence  of  self-Mls-1*  on  radioresistant 
element  of  the  host  cells  in  the  absence  of  I-E"*"  hemato¬ 
poietic  cells.  This  method  was  shown  to  induce  energy  of 
^dls-1*  reactive  yp6*  T  cells  in  normal  mice,  although 
H-2*  mice  instead  of  11-2**  mice  were  used  as  BM  donors 
those  experiments  (11,  12,  16).  For  this  purpose, 
(B«xCBA/J)Fi  (H-2'**M1s-1‘'*)  or,  as  a  control,  (B6xCBA/ 
(H-2*’^'^ills-l**)  mice  were  reconstituted  with  BM 
from  transgenic  mice  backcrossed  to  CS7BL/6  (B6 
^84 1-E"  Mls-l^  strain.  Two  months  after  IKX)  rad  irra- 
QUion  and  reconstitution  with  transgenic  BM  cells,  the 
had  73  to  85%  donor-derived  T  cells.  Because  this 


chimerism  was  not  satisfactory  for  further  studies  of  the 
transgenic  BM-derived  T  cell  population,  we  irradiated  and 
reconstituted  the  hosts  twice  with  transgenic  BM  cells  with 
a  total  irradiation  of  20(X)  rads  (see  Materials  and  Meth¬ 
ods).  These  BM  chimeras  contained  >95%  donor-derived 
transgenic  T  cells.  In  B6  Tg.-»  (B6xCBA/CaH)Fi  chime¬ 
ras,  in  which  Mls-1*  was  absent,  CD4'*'8~  cells  were  twice 
as  abundant  as  CD4~8'''  cells  (Fig.  1).  In  contrast,  the  pro¬ 
portion  of  Q>4'''8~  cells  was  reduced  in  B6Tg.-* 
(B6xCBA/J)Fi  chimeras  in  which  host  Mls-1*  was  present 
In  both  chimeras,  most  CD4'''8~  cells  expressed  V^8.1 
TCR  at  equivalent  levels.  Interestingly,  the  proportion  of 
Va8'*‘  cells  in  CD4'''8~  cells  was  more  than  fivefold  in¬ 
creased  in  both  types  of  BM  chimera  when  compared  with 
Vj38.1  transgenic  mice.  No  significant  difference  m  the 
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FIGURE  3.  Mobilization  of  cytoplasmic-free  Ca^*  in  response  to  anti-TCR  mAb  in  CD4'*’8”  Vp8.1  cells  from  CBA/I-injected 
mice,  Mls-1**  transgenic  mice,  or  BM  chimeras.  Nylon  wool  nonadherent  spleen  cells  from  Mls-I**  (Tg.),  T-depleted  CBAd 
spleen  cell-injected  (CBA/)  injected  Tg.),  or  Mls-1  (Mls-l**  Tg).  VfiS.l  transgenic  mice  as  well  as  BM  chimeras  were  loaded 
with  indo-1  and  were  stained  with  PE  anti-C04,  FITC  anti-V/58.2  (F23.2),  and  biotin  anti-V^8.1/8.2  mAb  (KJ1 6).  Flow  cytometry 
measurement  of  indo-1  violet/blue  fluorescence  ratio  was  monitored  after  gating  for  PE‘*‘FITC"Cy<hrome*  (CD4*V/58.1  *) 
cells.  Streptavidin-Cy-chrome  was  added  to  cross-link  antibody-coated  TCR  V^8.1/B.2,  and  data  collection  was  started  at  this 
point.  Indo-1  violet^lue  ratio  measurements  are  only  possible  after  streptavidin-Cy<hrome  reaches  cell  surface  bound' 
biotin-K]16.  The  upper  number  in  each  group  refers  to  the  percentage  of  cells  that  mobilized  Ca^*^  above  background  level. 
The  base  line  was  determined  based  on  lCa**l(  of  the  resting  ungated  cells  in  each  group.  The  lower  number  indicates  the 
difference  between  the  peak  [Ca^'^li  of  the  responding  cells  and  the  mean  of  the  base  line  [Ca^'^li. 


ratio  of  VaS"^  cells  was  observed  between  these  two  chi¬ 
meras.  CD4  cells  expressing  Va2  were  slightly  increased 
in  B6Tg.-»(B6xCBA/J)Fi  chimeras. 

The  proliferative  responses  of  CD4-enriched  cells  from 
BM  chimeras  were  determined  (Fig.  2A).  CD4'^8”V/38.1'^ 
cells  from  B6  Tg.-»(B6xCBA/CaH)Fi  chimeras  vigor¬ 
ously  proliferated  in  response  to  Mls-1*.  In  contrast, 
CD4-"8-V)B8.r  cells  from  B6  Tg.-»(B6xCBA/J)F,  chi¬ 
meras  proliferated  minimally  to  the  Ag,  indicating  that  they 
were  tolerant  to  Mls-1*.  However,  the  same  population  of 
CD4  cells  proliferated  in  response  to  anti-TCR  cross- 
linking.  The  level  of  proliferation  was  only  —35%  reduced 
in  CD4  cells  from  B6  Tg.-»(B6xCBA/J)Fi  chimeras  when 
compared  with  those  from  control  chimeras.  These  data 
suggested  that  most  CD4'^8~V/38.1'^  cells  in  this  chimera 
are  able  to  proliferate  in  response  to  anti-TCR  cross- 
linking,  although  they  are  unresponsive  to  Mls-1*. 

Mobilization  of  cytoplasmic  Ca^'*’  on  anti-TCR  mAb 
cross-linking 

To  study  early  TCR-mediated  signaling  events  in  anergic 
T  cells,  we  compared  Ca^*^  mobilization  of  CD4  cells  after 


cross-linking  with  anti-TCR  mAb.  To  determine  [Ca^'^li  of 
CD4'^8"V|38.1*  cells,  T  cells  were  loaded  with  indo-1  AM 
and  stained  with  anti-CD4  mAb  and  anti-TCR  V^8.2  mAb. 
Although  it  has  been  reported  that  anti-CD4  mAb  inhibited 
TCR-mediated  increases  in  [Ca^*]i  (34),  our  preliminary 
studies  indicated  that  the  staining  of  T  cells  with  PE  anti- 
CD4  mAb  had  little  effect  on  Ca^*^  mobilization  after  anti- 
TCR  mAb  cross-linking  in  our  assays.  Staining  with  anti- 
yp8.2  mAb  was  used  to  distinguish  V^8.1'^  cells  from 
VP8.2*  cells,  because  anti-V/38. 1/8.2  mAb  was  used  for 
cross-linking  of  the  TCR.  Cells  were  coated  with  biotinyl¬ 
ated  anti-TCR  Vp8.1/8.2  mAb,  their  TCR  cross-linked  by 
streptavidin-Cychrome,  and  [Ca^'^Ji  of  CD4■^8"V^8.1■*■ 
cells  was  monitored  (Fig.  3,  Table  I).  In  Vj38.1  transgenic 
mice,  >90%  of  CD4  cells  mobilized  cytoplasmic  calcium 
after  TCR  cross-linking.  Similarly,  most  CD4  cells  from 
Mls-l*-injectcd  mice  showed  an  increase  in  [Ca^'^li-  The 
maximum  increase  in  the  level  of  [Ca^'^Ji  was  higher  than 
that  of  the  control  transgenic  T  cells  and  their  response 
appeared  accelerated.  These  data  indicated  that  CD4  cells 
in  Mls-l*-injected  mice  mobilized  cytoplasmic  Ca*"^  io 
response  to  TCR  cross-linking  but  such  biochemical 
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Table  I 

MMlU^on  ofcyt^asmic  Ca’*  in  CD4*  Vfi8.  t*  cells  after 
anti-TCR  cross-linking 


CD4*  Cells  Respondin 

If  to  anti-TCR  mAb 

T  Cell  Source* 

Responding  Cens^nk) 

MaxiiiHjm  ICa^*!! 
Increase*  (nM) 

Exp.  1 

Exp.  2 

Exp.  1 

Exp.  2 

Tg 

90.1 

91.6 

277 

398 

Injected  Tg 

93.1 

Nl>* 

554 

ND 

Mls-1**  Tg 

58.3 

43.4 

275 

151 

Tg— (B6xCBA/CaH)F, 

90.4 

91.5 

275 

222 

Tg— (B6xCBA/))F, 

79.7 

63.6 

164 

101 

•  Nylon  wool  non-adherenl  spleen  cells  from  each  mouse  were  prepared  as 
'escribed  in  Figure  3.  Graphic  display  of  exp.  1  is  shown  in  Figure  3. 

"  Percentage  of  COa^V^S-l  *  cells  that  increased  ICa3-r-|i  above  the  level 
o:  resting  cells  after  cross-linking  with  anti-TCR  V36.1/8.2  mAb  (KJ16). 

'  The  differersce  between  the  peak  (Ca^*li  of  the  responding  cells  and  the 
mean  of  the  base  line  ICa**!!. 

•*  ND,  not  done. 


change  was  not  linked  to  proliferation.  In  contrast,  the  re¬ 
sponse  of  CD4'^8“V^.1‘'’  cells  from  Mls-1**  transgenic 
mice  was  reduced  and  only  half  of  them  mobilized  cyto¬ 
plasmic  Ca^"*".  CD4'^8“Vp8.1‘^  cells  in  Mls-l**  transgenic 
mice  appeared  to  contain  two  populations:  one  that  mobi¬ 
lized  Ca^'*'  and  the  other  that  did  not  in  response  to  anti- 
TCR  mAb  aoss-linking.  Ca^'*’  mobilization  of  CD4  cells 
in  BM  chimeras  was  also  tested.  In  B6  Tg.-»(B6xCBA/ 
CaH)Fi  BM  chimera,  >90%  of  CD4*8'Vp8.1+  cells  mo- 
bUized  cytoplasmic  Ca^"^.  A  slightly  reduced  proportion  of 
CD4'*'8"V^.1‘^  cells  mobilized  cytoplasmic  Ca^"^  in  the 
B6  Tg.-»(B6xCBA/J)Fi  chimera.  The  level  of  maximum 
Ca-  '  increase  was  reduced  in  this  chimera. 


T  cell/stimulator  cell  binding  and  cytoplasmic  Ca^"^ 
mobilization  in  response  to  Mls-1* 


We  developed  a  system  to  measure  T  cell/stimulator  cell 
conjugate  formation  and  T  cell  [Ca^"^]!  level  simulta¬ 
neously  (33).  This  system  enabled  us  to  monitor  early 
events  in  T  cell  activation  with  natural  ligand,  which  in¬ 
volve!  coreceptors  such  as  CD4  and  adhesion  receptors  like 
LFA-1.  Spleen  cells  from  mice  treated  by  prior  injection  of 
anti-8  antibody  were  used,  because  spleen  cells  from  un¬ 
treated  mice  were  poor  stimulators  in  this  assay.  Activation 
of  B  cells  by  in  vivo  treatment  with  anti-S  antibody  induces 
an  increase  in  the  expression  of  B  cell  surface  class  II  mol¬ 
ecules  and  enhances  the  ability  of  B  cells  to  stimulate  T 
(35).  Aaivated  B  cells  also  express  higher  levels  of 
nammary  tumor  virus  products  (36),  which  may  trigger 
“P-regu:ation  of  Mls-1*  (37).  When  whole  T  cells  from 
transgenic  mice  were  tested  using  this  system, 
32.9%  of  them  formed  conjugates  with  Mls-1*  spleen  cells 
mobilized  cytoplasmic  calcium  (Fig.  4).  When  sepa- 
analyzed,  52.6%  of  the  CD4'*’8"  population  bound 
^^tnobilized  cytoplasmic  calcium,  whereas  few  of  the 
^  population  responded. 


We  used  this  system  to  test  responses  of  T  cells  from 
CBA/J-injected  mice,  Mls-1*^  VB8.1  transgenic  mice,  and 
BM  chimeras  (Fig.  5).  The  29.8  and  28.2%  of  T  cells  from 
control  and  Mls-l*-injected  mice,  respectively,  formed 
conjugates  with  stimulator  cells.  Most  cells  responded  with 
a  similar  rise  in  [Ca^'^ji.  A  similar  assay  was  performed 
using  variable  T  cell  stimulator  cell  dosages  and  we  con¬ 
sistently  found  no  difference  between  these  two  groups  of 
T  cells  (data  not  shown).  The  data  indicated  that  T  cells 
tolerized  to  Mls-1*  by  i.v.  injection  of  Mls-1*  spleen  cells 
were  capable  of  responding  to  Mls-1*  stimulation  by  for¬ 
mation  of  conjugates  with  stimulator  ceils  and  a  rise  in 
the  [Ca^'^ji  level.  These  findings  also  support  me  notion 
that  the  repertoire  of  T  cells  was  not  altered  with  respect  to 
their  reactivity  to  Mls-1*  after  injection  of  Mls-1*  spleen 
cells.  In  contrast,  conjugate  formation  and  Ca'*  mobili¬ 
zation  was  undetectable  in  T  cells  from  transgenic  mice  of 
Mls-1**  background.  The  estimated  proportion  of 
CD4*VB8.1'^  cells  in  this  T  cell  preparation  was  7  to  8%. 
This  assay  can  detect  conjugate  formation/Ca^'*'  increase  of 
T  cells  from  nontransgenic  mice,  in  which  Mls-1*  reactive 
(V^6,  7,  9,  8.1)  CD4  cells  are  -14%  (3,  4,  38,  39).  Al¬ 
though  we  think  that  the  response  of  7  to  8%  of  T  cells  in 
Mls-1**  transgenic  mice  is  in  the  detectable  range,  if  pre¬ 
sent,  it  is  also  possible  that  the  assay  is  not  sensitive  enough 
to  detect  Ca**  increases  in  the  few  conjugates  that  could 
have  taken  place.  The  response  of  T  cells  from  BM  chi¬ 
meras  was  also  determined  by  the  same  assay  system  (Fig. 
5B).  T  cells  from  B6  Tg.-»(B6xCBA/J)Fi  chimeras  bound 
and  mobilized  cytoplasmic-free  calcium  at  levels  indistin¬ 
guishable  from  CBA/Ca  transgenic  or  control  BM  chimeric 
T  cells. 


Proliferation  of  anergic  T  cells  in  response  to  Mls-1* 
presented  by  activated  B  cells 

The  preceding  studies  showed  that  T  cells  from  CBA/J- 
injected  mice  were  able  to  form  conjugates  with  Mls-1* 
stimulator  cells  and  increase  (Ca**]i.  However,  their  pro¬ 
liferative  response  to  irradiated  spleen  cells  from  Mls-1* 
mice  was  greatly  reduced.  One  of  the  possibilities  to  ex¬ 
plain  the  lack  of  linkage  between  Ca**  mobilization  and  T 
cell  proliferation  was  that  the  stimulator  cells  were  not  iden¬ 
tical.  We  used  irradiated  T  cell-depleted  spleen  cells  as 
stimulators  for  the  proliferation  assay,  whereas  we  used 
spleen  cells  from  mice  treated  by  prior  injection  of  anti-5 
antibody  for  assays  of  cell/cell  binding  and  [Ca**]i  mea¬ 
surement  Thus,  we  compared  proliferation  of  control  and 
tolerized  T  cells  against  spleen  cells  from  nontreated  and 
anti-5-treated  mice  (Fig.  6).  Surprisingly,  when  anti-8- 
treated  B  cells  were  used  as  stimulators,  T  cells  from  CBA/ 
J-injected  mice  proliferated  to  Mls-1*  at  levels  similar  to 
control  T  cells  over  a  wide  range  of  responder  cell  dosages. 
In  addition,  there  was  no  significant  difference  in  the  dose 
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Mls-l^Tg.  T  cells: 


CD4+ 


Whole  CD8^ 


8 


i 

I 

(A 


CBA/J 
(Mis- 1*) 


CBA/CaH 

(Mls-l^) 


- - Log  DilC»(3)  Ruorescence  - — 

FIGURE  4.  Conjugate  formation  with  stimulator  cells  and  mobilization  of  cytoplasmic-free  Ca^*^  in  V^S.I  transgenic  T  cells. 
Nylon  wool  nonadherent  spleen  cells  of  V^8.1  transgenic  mice  (T  cells)  were  treated  with  no  antibody  (whole),  anti-CD8  mAb 
(NEI-004),  or  anti-CD4  mAb  (RL1 72.4)  plus  complement  followed  by  indo-1  loading.  C04-enriched  population  contained  63% 
CD4*8"  and  <1%  CD4"8*  cells.  CD8-enrich^  population  contained  86.7%  CD4*8*  and  <1%  CD4'*’8”  cells.  T-depleted 
spleen  cells  from  goat  anti-mouse  6  antibody-treated  mice  were  stained  with  DilC22(3)  and  used  as  stimulator  cells.  T  and 
stimulator  cells  were  mixed  at  a  1 :4  ratio  and  analyzed  by  modified  FACS  II.  x-axis  indicates  DilC22(3)  fluorescence  intensity 
that  represents  T  cells/stimulator  cell  conjugate  formation.  T  cells/stimulator  conjugates  were  identified  as  the  OilC22(3)'*’ 
population,  y-axis  indicates  the  level  of  ICa^*})  of  indo-1 -loaded  T  cells.  The  numbers  at  the  right  upper  corner  indicate 
percentage  of  T  cells  binding  to  stimulator  cells  (DilC22(3)'^  cellsAotal  indo-1  *  T  cells).  The  numbers  in  the  parentheses 
indicate  relative  (Ca^’^h  increase  obtained  from  mean  lCa**l,  of  DilC22(3)-positive  T  cells  subtracted  by  the  mean  value  of 
unbound  population. 


of  stimulator  cells  required  to  achieve  half-maximal  re¬ 
sponse  of  normal  and  anergic  transgenic  T  cells  (data  not 
shown).  However,  production  of  lL-2  in  response  to  Mls-1* 
on  activated  B  cells  was  reduced  (Table  11).  This  dose  of 
IL-2  might  have  been  sufficient  to  support  the  growth  of 
anergic  T  ceils  in  the  proliferation  assay. 

In  contrast,  T  cells  from  Mls-1*'*’  transgenic  mice  did  not 
proliferate  to  anti-S-treated  stimulator  cells.  This  unrespon¬ 
siveness  was  not  simply  due  to  the  reduced  frequency  of 
CD4''‘Vp8.1'''  cells  in  Mls-l**  transgenic  mice,  because  a 
CD4'''  cell-enriched  population  of  Mls-1*'*’  mouse  T  cells, 
which  contained  ~20%  CD4'’’VP8.1'*’  cells,  did  not  pro¬ 
liferate  in  response  to  activated  B  cells  from  CBA/J  mice 
(Fig.  7). 

T  cells  from  BM  chimeras  were  also  tested  for  their  pro¬ 
liferation  to  anti-8-treated  stimulator  cells.  T  cells  from  B6 
Tg.->(B6xCBA/J)Ft  did  not  proliferate  in  response  to  con¬ 
ventional  irradiated  spleen  cells  of  Mls-1*  mice.  However, 
the  same  T  cell  population  proliferated  in  response  to 
Mls-1*  when  presented  by  spleen  cells  from  anti-8-treated 


CBA/J  mice  at  a  level  similar  to  those  from  control  B6 
Tg.-+(B6xCBA/CaH)Fi  mice. 

Discussion 

CD4'’’8"Vp8.1'’‘  T  cells  from  Mls-l*-injected  mice  prolif¬ 
erated  at  a  reduced  level  not  only  in  response  to  Mls-1*  but 
also  to  anti-TCR  cross-linking,  which  suggested  that  this 
population  was  anergic  to  TCR-mediated  stimulation. 
However,  despite  defective  proliferative  responses,  these  T 
cells  were  able  to  mobilize  cytoplasmic  free  Ca^'*'  in  re¬ 
sponse  to  anti-TCR  cross-linking.  These  data  suggest  that 
the  early  components  of  the  signaling  pathway  through 
TCR,  which  induce  mobilization  of  cytoplasmic-free  Ca^'^', 
are  functionally  intact,  in  agreement  with  the  previous  stud¬ 
ies  using  anergic  T  cell  clones  (40, 41).  Therefore,  the  re¬ 
duced  proliferative  response  of  these  T  cells  may  be  due  to 
the  cellular  events  subsequent  to  or  independent  of  calcium 
mobilization.  In  addition,  these  T  cells  were  able  to  form 
conjugates  with  Mls-1*  stimulator  ceUs  and  mobilize 
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A 


Mls-l’»Vp8.iTg.T  cells: 

Control  CBA/J  injected 


Mls-1**  Vp8.i  Tg. 
T  cells: 


B 


Mls-l^Tg. 

Control 


CBA/CaHTg.  BM 

I 

(B6xCBA/CaH)Fi 


B6  Tg.  BM 

I 

(B6x  CBA/J)  Fi 


- Log  DilC22(3)  Fluorescence - 

•CURE  5.  Conjugate  fonnation  and  calcium  mobilization  of  VpS.I  T  cells  from  CBA/)  given  transgenic  mice  and  from  BM 
birr, eras.  A:  Nylon  wool  nonadherent  spleen  cells  from  Mls-1  ••  vps.l  transgenic  mice  given  PBS  (control)  or  T-depleted  CBA/I 
pleen  cells  (CBAd  injected)  and  Mls-1  V/58.1  transgenic  mice  were  loaded  with  indo-1.  Cells  were  mixed  with  Oil22(3)- 
>beled  stimulator  cells  from  anti-6-treated  mice  at  1 :2  ratio  and  analyzed  using  flow  cytometry.  Numbers  at  the  right  upper 
omers  indicate  percentage  of  binding.  Numbers  in  parentheses  indicate  relative  ICa^'^li  increase  obtained  from  mean  (Ca^'^)i 
f  DiiC22(3)-positive  T  cells  subtracted  by  d>e  mean  value  of  unbound  population.  8:  (B6  X  CBA/CaH)Fi  or  (B6  X  CBA/))Fi 
'ice  were  irradiated  and  reconstituted  twice  with  T-depleted  transgenic  BM  cells  and  used  after  2  mo  of  second  reconstitution 
'hen  the  spleen  T  cells  were  >95%  donor  type.  Nylon  wool  nonadherent  spleen  cells  of  control  VjSB.l  transgenic  mice  and 
''ice  irradiated  BM  chimeras  were  loaded  with  indo-1  and  were  analyzed  as  in  A. 
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FIGURE  6.  Proliferation  of  V^8.1 
transgenic  T  cells  in  response  to  spleen 
cells  from  anti-5-treated  CBAfl  mice. 
Nylon  wool  nonadherent  spleen  cells 
were  prepared  from  control  Mls-l** 
(open  circled,  T-depleted  CBA^  spleen 
cell-injected  Mls-l**  (filled  drcit/l,  MIs- 
l*’’  (hlled  triangle)  V^B.l  transgenic 
mice,  or  B6  Tg.  -»  (B6  X  CBA/CaHjF, 
(open  square)  and  B6  Tg.  -*  (B6  X 
CBA/1)F,  (filled  square)  BM  chimeras. 
Stimulator  cells  wer?  prepared  from 
spleen  cells  of  untreated  or  anti-fi-in- 
jected  CBA/CaH  and  C8A/)  mice.  T  cells 
(1  X  1 0®  -  3  X  1 0^)  were  cultured  with 
irradiated  spleen  cells  (4  X  10*)  from 
CBA/CaH  or  CBA/J  mice  for  3  (anti-5- 
treated  stimulators)  or  5  (untreated 
stimulator  cells)  days  and  proliferation 
was  assessed  after  16  h  exposure  to  1 
pCi  pHjthymidine.  The  data  are  ex¬ 
pressed  as  the  difference  between  ex¬ 
perimental  (anti-CBA/))  and  control 
(anti-CBA/CaH)  responses  (Acpm)  and 
the  SD  of  the  mean. 


A.  CRa/J  bdMM  Tg.:  Tg.:  C  Tg.  RM  dUmmnr. 


NmWr  tt  Ctlh 


Table  II 

Production  of  IL-2  in  response  to  Mls-1*  on  activated  8  cells 

Production  of  11-2  (U/ml)  in  Response  to 
Responders  Exp.  1  Exp-  2 

CBA/CaH  CBM  CBAAUH  CBA/) 

Tg  <1  714  <1  476 

Inj _ <1 _ 26 _ <j _ 15 

T  cells  from  untreated  vps.l  transgenic  tnice  (Tg)  or  transgenic  mice  that 
had  been  irKXulated  with  T-depleted  CBA/)  spleen  cells  (In0  were  stimulated 
with  T-depleted  CBAA^aH  or  CBA/)  spleen  cells  from  anti-S  antibody-treated 
mice.  One  day  later,  supernatant  was  removed  and  the  11-2  content  was 
measured  by  MTT  assay  using  HT-2  indicator  cells.  Proliferation  of  HT-2 
cells  was  not  inhibited  ^  anli-IL-4  mAb  (I IBID  indicating  that  the  growth 
factor  was  IL-2.  Exp.  1  was  performed  using  C04-enriched  T  cells  (-90% 
CD4*)  and  exp.  2  was  performed  using  nylon  wool  rtonadherent  spleen  and 
lymph  node  cells. 

cytoplasmic-ffee  when  stimulated  by  spleen  cells 
from  anti-5-treated  mice.  These  features  suggest  that  the 
Mls-1*  recognition  and  initial  binding  of  T  cells  is  not  al¬ 
tered  after  injection  of  Mls-1*  spleen  cells.  These  cells  re¬ 
mained  defective  in  IL-2  production,  whereas  they  were 
able  to  proliferate  in  response  to  Mls-1*  on  activated 
B  cells.  It  is  unclear  why  anergic  cells  proliferated,  despite 
reduced  IL-2  production.  The  level  of  IL-2  produced 
might  be  sufficient  for  their  proliferation.  Alternatively, 
factors  other  than  IL-2  or  IL-4  might  be  involved  in  their 
proliferation. 

Most  peripheral  CD4'^8"Vj38.1‘^  T  cells  that  populate 
the  periphery  of  Mls-1*^  V08.1  transgenic  mice  also  did 
not  proliferate  in  response  to  MIs-1*  or  anti-TCR  cross- 
linking,  but  the  mechanisms  underlying  the  unresponsive- 


Number  of  Respomter  CeQs  (x  10*3) 

FIGURE  7.  Proliferation  of  CD4 "^-enriched  cells  of  Mls-1 
and  Mls-1**  Vps.l  transgenic  T  cells  in  response  to  spleen 
cells  from  anti-B-treated  CBA/)  mice.  CD4*  cells  were  en¬ 
riched  from  nylon  wool  nonadherent  spleen  cells  of  control 
Mls-1  **  (open  circled  and  Mls-1  •*  (filled  triangle!)  V^8.1  trans¬ 
genic  mice.  Assay  was  performed  as  Figure  6.  The  propor¬ 
tions  of  CD4'*’V^.l*  cells  from  Mls-I**  and  Mls-1**  mice 
were  84  and  19%,  respectively. 

ness  appear  to  be  distinct  from  that  of  Mls-l*-injected  mice 
by  several  criteria.  Consistent  with  an  eailier  study,  a  sub¬ 
population  of  these  cells  did  not  mobilize  cyt^lasmic  Ca^*^ 
in  response  to  TCR  cross-linking,  in  sharp  contrast  to  those 
in  Mls-l*-injected  transgenic  mice.  FurUtermore,  they  did 
not  mobilize  detectable  level  of  cytoplasmic  Ca^'*'  or  pro-  .9 
liferate  in  response  to  activated  Mls-1*  ^leen  cells.  The  f.. 
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4/  lack  of  Ca^'*'  nqwnse  of  this  T  cell  population  suggests  that 

the  TCR-mediated  signaling  pathway  in  these  cells  may  be 
modulated  at  an  early  phase  of  activation  occurring  before 
and  being  linked  to  Ca^*^  mobilization.  It  is  unclear  how 
unresponsiveness  of  these  T  cells  occuned.  One  possibility 
is  that  a  population  of  CD4  cells  is  rendered  anergic  after 
encountering  self-Mls-1*  due  to  a  mechanism  of  self¬ 
tolerance.  An  alternative  possibility  is  that  a  subpopulation 
of  004*^  cells  is  unresponsive  to  MIs-1*  due  to  preexisting 
biochemical  defects  in  TCR  signal  transduction,  which  en¬ 
abled  them  to  escape  clonal  deletion..  Currently,  we  cannot 
distinguish  between  these  possibilities.  A  similar  reduction 
of  Ca^"^  mobilization  in  response  to  anti-TCR  mAb  was 
observed  in  CD4  cells  in  other  V/38.1  transgenic  mice  (19). 
In  their  transgenic  mice,  >50%  of  CD4'*'8"V^.1‘^  cells 
remained  in  the  periphery  of  Mls-1**  mice.  A  subpopula¬ 
tion  of  these  T  cells  were  anergic  to  TCR  occupancy  and 
did  not  mobilize  Ca^"^  after  TCR  cross-linking.  In  contrast 
to  these  mice,  ours  have  only  ~10%  of  the  CD4‘^8“  cells 
when  compared  with  those  in  Mls-l**  V08.1  transgenic 
mice  and  only  half  of  them  express  transgenic  TCR  V^8.1. 
The  difference  in  the  gene  construct  of  their  and  our  trans¬ 
genic  mice  is  the  sequence  of  V^8.1-J/32.3  junctional  re¬ 
gion,  which  may  have  resulted  in  the  difference  in  the  num¬ 
ber  of  anergic  T  cells  in  Mls-1*^  mice.  It  would  be 
interesting  to  find  out  whether  similar  phenotype  can  be 
seen  in  mature  T  cells  of  other  TCR  transgenic  mice. 

Although  a  subpopulation  of  CD4'*'8"Vp8.1'^  cells  in 
Mls-1*^  transgenic  mice  did  not  mobilize  cytoplasmic 
Ca^"^  in  response  to  anti-TCR,  others  mobilized  cytoplas¬ 
mic  Ca^'*'.  At  least  a  portion  of  this  population  appear  to 
proliferate  in  response  to  anti-TCR  mAb,  because  20  to 
40%  of  proliferative  response  was  observed  in 
CIW'V.OS.I''’  cells  of  Mis- 1*'*’  transgenic  mice.  They  did 
not,  however,  proliferate  in  response  to  Mls-1*.  We  specu¬ 
late  that  this  population  may  have  reduced  avidity  to  Mls-1* 
and  are  not  tolerized  by  self-Mls-1*.  We  previously  re¬ 
ported  that  alloreactive  T  cell  clones  that  were  isolated  from 
Mls-1*^  V38.1  transgenic  mice  by  repeated  stimulation 
>^  ith  C57BIV6  alloantigens  could  proliferate  in  response  to 
self-Mls-1*,  although  at  a  reduced  level  (42).  These  clones 
required  more  Ag  for  their  optimal  proliferation  and  were 
much  more  sensitive  to  inhibition  by  anti-CD4  mAb,  sug¬ 
gesting  that  the  TCR  on  these  clones  have  reduced  avidity 
to  Mls-1*,  despite  V/38.1  TCR  expression.  These  T  cell 
clones  may  be  derived  from  this  subpopulation  of  CD4  cells 
that  mobilized  Ca^"^  in  response  to  anti-TCR  mAb.  The 
*ttgher  frequency  ofVal*  or  Va8'^  T  cells  among  CD4‘^8“ 
^Us  in  our  Mls-l*'*’  Vj38.1  transgenic  mice  support  this 
‘tlea.  It  was  reported  that  TCR  a-chains  influence  the  re¬ 
activity  of  V/38.1  T  cells  to  MIs-1*  (43).  Using  T  cell  hy- 
l>ridomas  isolated  from  their  V^8.1  transgenic  mice 
Smith  et  al.  showed  that  Vail‘d  hybridomas  are  biased 
'^'vard  Mls-1*  reactivity,  whereas  Va2‘''  and  Va8'''  hy- 
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bridomas  are  biased  against  Mls-1*  reactivity.  Taken  to¬ 
gether,  CD4*8-  V^8.r  cells  in  Mls-1**  Vp8.1  trans¬ 
genic  mice  appear  to  contain  two  different  types  of  cells. 
One  population  is  anergic  and  cannot  mobilize  Ca^'*'  in 
response  to  TCR  occupancy.  The  other  population  ex¬ 
press  V^.l  TCR  that  has  reduced  avidity  to  TCR.  This 
latter  population  is  not  tolerized  and  can  respond  to 
appropriate  TCR  occupancy. 

In  B6  Tg.-»(B6xCBA/J)Fi  BM  chimeras,  in  which  T 
cells  differentiate  in  I-E'^Mls-1*  environment  in  the  ab¬ 
sence  of  I-E"^  hematopoietic  cells,  CD4'^8"V^.l'*'  cells 
appear  to  have  mixed  characters  of  those  from  Mls-1* 
spleen  cell-injected  and  Mls-1**  transgenic  mice.  T  cells  in 
this  BM  chimera  appear  to  contain  anergic  cells  that  re¬ 
semble  those  in  Mls-1**  transgenic  mice,  because  their 
Ca*"^  mobilization  in  response  to  anti-TCR  mAb  was  par¬ 
tially  reduced.  On  the  other  hand,  T  cells  in  the  chimera 
formed  conjugates  then  mobilized  cytoplasmic  Ca^'*'  and 
proliferated  in  response  to  anti-S-treated  Mls-1*  spleen 
cells,  which  was  reminiscent  of  T  cells  from  Mls-1*  spleen 
cell-injected  transgenic  mice.  T  cells  in  the  BM  chimera 
may  contain  two  different  types  of  anergic  cells.  One  set  of 
T  cells  are  similar  to  those  in  Mls-1**  transgenic  mice  and 
the  other  type  resembles  those  in  CBA/J-injected  transgenic 
mice.  Alternatively,  unresponsiveness  of  T  cells  in  BM  chi¬ 
mera  to  Mls-1*  may  be  mediated  by  a  third  type  of  mecha¬ 
nism  that  was  not  observed  in  Ag-injected  or  Mls-1**  mice. 
The  avidity  of  the  TCR  to  Mls-1*  may  also  play  a  role  on 
the  .unresponsiveness  of  these  CD4‘*'8'Vp8.1'^  cells  in  the 
BM  chimera.  It  is  likely  that  TCR  in  B6  Tg.-»(B6xCBA/ 
J)Fi  chimera  have  reduced  avidity  to  Mls-1*,  because  these 
T  cells  proliferated  to  anti-TCR  cross-linking  at  only  a  par¬ 
tially  reduced  level,  whereas  they  proliferated  minimally  to 
Mls-1*  on  irradiated  spleen  cells.  These  results  suggest  that 
the  underlying  mechanisms  of  T  cell  unresponsiveness  in 
bone  marrow  chimeras  are  not  necessarily  identical  to  those 
of  Ag-injected  animals  or  Mls-1**  mice.  Studies  are  in 
progress  to  discriminate  among  these  possibilities. 

In  summary,  unresponsiveness  of  specific  V^"^  T  cells 
to  the  superantigens  appears  to  occur  by  at  least  three  dis¬ 
tinct  mechanisms.  The  first  type  of  unresponsive  T  cells  are 
found  in  a  subpopulation  of  Mls-1**  transgenic  mice.  The 
TCR  on  these  cells  may  not  have  enough  avidity  for  the 
Mls-1*,  despite  the  specific  TCR  V0  expression,  and  cells 
may  not  receive  activation  signals.  They  can  be  activated 
by  other  appropriate  ligands,  and  therefore  are  not  func¬ 
tionally  anergic.  The  second  type  of  unresponsive  T  cells 
present  in  Mls-1**  V/38.1  transgenic  mice  are  anergic,  be¬ 
cause  they  do  not  proliferate  in  response  to  anti-TCR  cross- 
linking.  In  these  cells,  early  signaling  events  through  TCR 
appear  to  be  altered  in  such  a  way  that  TCR  stimulation 
cannot  mobilize  cytoplasmic  Ca^*^.  The  third  type  of  un¬ 
responsive  cells,  which  are  found  in  superantigen-injected 
animals,  are  also  anergic,  but  the  molecular  mechanisms 
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underlying  their  unresponsiveness  are  distinct  from  the 
former  type.  Although  these  anergic  cells  do  not  proliferate, 
they  can  mobilize  cytoplasmic-free  Ca^^  in  response  to 
TCR  cross-linking.  In  addition,  these  anergic  cells  can  form 
conjugates  then  mobilize  Ca^*^  and  proliferate  when  acti¬ 
vated  B  cells  are  used  as  stimulator  cells.  These  two  forms 
of  anergy  may  be  induced  and  maintained  by  distinct 
mechanisms  and  the  consequence  of  the  anergy  may  also 
differ.  The  latter  type  of  anergic  cells  can  proliferate  under 
optimal  conditions  in  vitro,  suggesting  that  they  might  re¬ 
tain  some  of  their  functional  abilities  in  vivo.  In  addition, 
a  recent  study  by  Rocken  et  al.  (44)  suggested  that  this  type 
of  anergy  can  be  reversed  after  infection  with  the  nematode 
Nippostrongylus  brasiliensis.  It  will  be  critical  to  under¬ 
stand  how  these  different  types  of  anergy  are  involved  in 
the  induction  and  maintenance  of  self-tolerance,  whereas 
sparing  the  ability  of  the  immune  system  to  protect  from 
foreign  invaders. 
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